Electrodeposited Fe-Zn alloy was studied with respect to the phase composition and workability.
I. Introduction
Fe-Zn alloy plated steel known as galvannealed steel has been widely used for a long time because of its excellent paint adhesion and corrosion resistance after painting and proved to be quite effective for corrosion prevention of automobiles. However, the quality of the product has been required to be further improved.
Fortunately The electroplating was conducted in a flow cell shown in Fig. 1 . A uniform flow of the electrolyte was obtained in a plating section of the flow cell, in which the steel sheet to be electroplated was placed parallel to a zinc anode. The zinc used was more than 99.99 % pure. The coating weight of samples tested in the present experiment was 40 g/m2.
Procedures of Analysis and Workability Testing
Fe and Zn concentrations in the bath were determined by atomic absorption spectroscopy (JARRELL- T-20) and crystal structures of the deposit were identified by X-ray diffraction analysis (Rigaku Corp.), of which conditions are tabulated in Table 2 . Workability was evaluated by a draw bead test, of which the apparatus is shown in Fig. 2 . In the draw bead test, ten test pieces were galled and the pick up of the deposit on the dies and on test pieces were gathered together on filter paper. The amount of the pick up was measured by fluorescence X-ray analysis (Rigaku Corp.) after dissolution of the picked up deposit in the HC1 solution.
III. Results and Discussion 1. The E ffect of Fe Content on Crystal Morphology and Phase Composition SEM micrographs of electrodeposited Fe-Zn alloy containing 0 30 % Fe are shown in Photo. 1. Crystals containing 10 % Fe were fine and sharp-edged, compared with those of electrodeposited pure Zn. Crystals containing 16 % Fe had edges of reduced sharpness and those containing 21 % Fe became round. The deposit containing 30 % Fe was transformed mainly to very fine and smooth crystals, but remained partially granular. Accordingly, the crystal morphology of electrodeposited Fe-Zn alloy varies with Fe content in the deposit.
Phases of electrodeposited Fe-Zn alloy were identified by the X-ray diffraction method. A typical X-ray diffraction pattern of Fe-Zn alloy containing 16 % Fe and the result of the analysis are shown in Fig. 3 and in Table 3 Table 3 . Each observed d-value of the 16 % Fe sample was clearly identified with the o1 or P(r+~) phase, except the d-value of 2.08 A which could be attributed to the phase or o1 phase. I' phase involves r and s phases which have a slight difference in lattice parameter. According to the Fe-Zn constitution diagram,9'10> the phase does not exist at 16 % Fe. It suggests that heating will distinguish the two phases, because the ? phase containing 16 % Fe will be metastable at room temperature and transformed to more stable state by heating. In the present experiment, the d-value of 2.08 A disappeared after heating at 180 °C for 1 hr. Accordingly, the d-value of 2.08 A was attributed to the metastable 7) phase. The analysis and the intensity of observed peaks indicate that the 16 % Fe sample was mainly composed of the and the o1 phases. In Fig. 4 , X-ray diffraction patterns of samples containing various amounts of Fe are shown in the d-value range from 2.06 to 2.20 A, where the most characteristic patterns of X-ray diffraction appeared, depending on Fe content. We introduced here a parameter called peak intensity ratio to estimate the phase composition. Peak intensity ratio was defined as follows.
Iii Peak intensity ratio of the phase j = i
.1 i where, the sum of intensity of peaks ate trib uted to a phase j,
Iii : the sum of the intensity of all peaks Z ob served.
Diffraction angle (28) covered the range from 30 to 110 deg. Figure 5 shows the relationship between Fe content and the peak intensity ratio of each phase. The ij phase extended to 20 % Fe and was the main phase in the Fe content range below 13 %. The o1 phase was present in the Fe content range from 10 to 28 % and the main phase in the range of 13.'21 % Fe. Table  3 . Analysis of X-ray diffraction result. Fig. 4 . X-ray diffraction patterns of the specimens containing various Fe %. 
The I' phase appeared from 10 % Fe, but remained to a small extent up to 15 % Fe. The F phase became the main phase in the range of 21 % Fe and the single phase in the range over 28 % Fe. The phase composition estimated by the peak intensity ratio is quite different to that indicated in the Fe-Zn constitution diagram. According to the constitution diagram, the rj, o1 and P phases appear in the following Fe content range respectively. i : 0 0.003 % o1: 7.0-'11.5 % F : 20.5 28.0 % The phase observed contains much more Fe than that in equilibrium, i.e., the electrodeposited phase oversaturates Fe. The difference of the phase composition of electrodeposited Fe-Zn alloy from that in equilibrium has already been reported in the study on Fe-Zn alloy electrodeposition from a chloride bath.11
Workability of Electrodeposited Fe-Zn Alloy
The effect of Fe content on workability of electrodeposited Fe-Zn alloy is shown in Fig. 6 . The workability was evaluated by the draw bead test. As shown in Fig. 6 , the amount of the pick up of the deposit increased abruptly, when Fe content exceeded a certain point, which depends on the bath used. With respect to the operational conditions, the difference between bath A and bath B was the following; bath A was used just after make-up, and bath B was used after 50 hr of electroplating. Fe2+ and Zn2+ concentrations and pH were kept constant by adjustments during the preceding electroplating. The Fe content shown in Fig. 6 was varied by variations of flow rate and current density. Table 4 shows the results of the bath composition analysis and indicates that bath A differed in Fe3+ concentration from bath B. An increase in Fe3+ concentration resulted from oxidation of Fe2+. It is well known that the workability of thermally produced Fe-Zn alloy deteriorates with increasing Fe content in the deposit, as shown in Fig. 79 ) which was reported previously. However, the effect of the bath composition on workability has not been reported.
For the purpose of clarifying the effect observed in electroplating from bath A and B, the o1+r phase composition ratio of the deposits obtained from bath A and B was investigated. A peak intensity ratio was defined again as follows to briefly estimate the o1+j' phase composition ratio.
Peak intensity ratio of the o1+r phase Id=2.112.14 Id=2.08 2.09+Id=2.112.14 where, Id=2.08-2.09 : peak intensity of d=2.08-'2.O9 A ('2 phase) Id=2.11-2.14: peak intensity of d= 2.11 N 2.14 A (o1+r phase). The simplified peak intensity ratio is still effective for estimating the o1+r phase composition ratio, because observed main phases containing l0-3O % Fe appeared in the range of lattice spacing from 2.08 to 2.14 A. Figure 8 shows a relationship between Fe content and the simplified peak intensity ratio of the deposits obtained from bath A and B and indicates that the o1+r phase composition ratio was determined not only by Fe content, but also depended on bath conditions used.
The relationship between the simplified peak intensity ratio and the pick up caused by the draw bead test is shown in Fig. 9 . The pick up of the deposits obtained from bath A and B was determined by the simplified peak intensity ratio. In comparison with Fig. 6, Fig. 9 suggests that workability of the deposit was determined predominantly by the phase composition ratio rather than by Fe content in the deposit, and deteriorated with increasing o1+I' phase composition ratio. That means that the phase is Table 4 . Analytical value (g/l) of the bath composition. as Fe3~ on a change in the phase composition has not been well investigated yet, so that further investigation is necessary to clarify the effect.
Iv. Conclusion Electrodeposited Fe-Zn alloy was studied with respect to the phase composition and workability.
(1) The phase composition was investigated in the range from 10 % Fe to 30 % Fe. The vj phase was a main phase up to 13 % Fe and extended further to 20 % Fe. The o1 phase appeared from 10 % Fe and became a main phase in the range of 13.'20 % Fe. The o1 phase was present up to 28 % Fe. The F phase appeared in the range over 10 % Fe, but remained to a small extent up to 15 % Fe. The F phase became the main phase in the range over 21 % Fe and a sole one observed in the range over 28 % Fe.
(2) Depending on the bath used, different phase compositions which contain the same Fe content in the deposit were found.
(3) The phase composition determined workability of the deposit, which was evaluated in terms of draw bead test. The i phase exhibited good workability. In contrast, the o1+r phases lowered the workability of the deposit. Since the presence of the '2 phase improves workability, it is desirable that the deposit contains the i phase to some extent from a viewpoint of workability. 
